In this comparative study, osmoregulatory mechanisms were analyzed in two closely related species of palaemonid shrimp from Brazil, Macrobrachium pantanalense and Macrobrachium amazonicum. A previous investigation showed that all postembryonic stages of M. pantanalense from inland waters of the Pantanal are able to hyper-osmoregulate in fresh water, while this species was not able to hypoosmoregulate at high salinities. In M. amazonicum originating from the Amazon estuary, in contrast, all stages are able to hypo-osmoregulate, but only first-stage larvae, late juveniles and adults are able to hyper-osmoregulate in fresh water. The underlying molecular mechanisms of these physiological differences have not been known. We therefore investigated the expression patterns of three ion transporters (NKA α-subunit, VHA B-subunit and NHE3) following differential salinity acclimation in different ontogenetic stages (stage-V larvae, juveniles) of both species. Larval NKAα expression was at both salinities significantly higher in M. pantanalense than in M. amazonicum, whereas no difference was noted in juveniles. VHA was also more expressed in larvae of M. pantanalense than in those of M. amazonicum. When NHE3 expression is compared between the larvae of the two species, further salinity-related differences were observed, with generally higher expression in the inland species. Overall, a high expression of ion pumps in M. pantanalense suggests an evolutionary key role of these transporters in freshwater invasion.
cells, particularly in the apical plasma membrane and membrane vesicles (Boudour-70 Boucheker et al., 2014) .
71
Studies on different crustacean species have produced a variety of ion transport models (Lucu, 72 1990; Towle, 1990; Taylor and Taylor, 1992; Péqueux, 1995; Onken and Riestenpatt, 1998 Ahearn et al., 1990) . These studies suggest the 87 presence of an electrogenic Na + /H + exchanger displaying a transport stoichiometry of 2 Na + /1 88 H + resulting in a polarization of membrane potential (Ahearn et al., 1990) . This physiological
89
property differs from those of vertebrate NHE where Na + uptake is achieved by electroneutral 90 transport.
91
A NHE cDNA has been amplified and sequenced from gills of two crab species, Carcinus 92 maenas and Callinectes sapidus (Newton et al., 1996; Towle et al., 1997) . It is closely related 93 to the vertebrate NHE isoforms previously sequenced, notably NHE3, but it is unknown 94 whether this NHE is similar to the electrogenic exchanger described in membrane vesicles 95 from crustacean epithelia (Shetlar and Towle, 1989; Pullikuth et al., 2003) . In C. maenas,
96
NHE is strongly expressed in gills, showing much lower abundance in all the other tissues 97 examined: These findings suggest a role in acid-base regulation, volume regulation, or Na + 98 uptake (Towle et al., 1997) . In decapodids, the presence of a branchial Na + /H + exchanger, 
109

Materials and methods
111
Origin and maintenance of animals
112
Adult Macrobrachium amazonicum and M. pantanalense were obtained from the State
113
University of Mato Grosso do Sul in Aquidauana (Mato Grosso do Sul, MS, Brazil). Shrimps
114
were transported in cooling boxes to the Helgoland Marine Biological Laboratory (Germany),
115
where they were kept in fresh water (FW; total ion concentration: 0.2 mg/l; 24°C; for more 116 details, see Anger and Hayd, 2010; Charmantier and Anger, 2011) . Adult shrimps were fed 117 frozen pieces of marine isopods (Idotea sp.) and commercial aquarium food (Novo Tab, JBL).
118
Ovigerous females were maintained in aerated flow-through aquaria with 30 l of FW. Newly
119
hatched larvae were collected in sieves (0.3 mm mesh size) receiving the overflowing water
120
and subsequently reared at 10 or 5 ppt salinity (M. amazonicum and M. pantanalense, 121 respectively), in aerated 1 l beakers kept at 29°C and a 12:12 h light:dark cycle. Except for the 122 zoea I stage, which is fully lecithotrophic, the larvae were fed freshly hatched Artemia sp.
123
nauplii (Anger and Hayd, 2010) .
125
Salinity acclimations
126
Intermediate and late larval stages (zoea V, decapodids) were acclimated for 24 h either to 127 brackish water (5 ppt) or to slightly diluted seawater (DSW) (25 ppt). Three-week-old 128 juveniles (referred to as early juveniles) were acclimated for 48 h either to 5 ppt or to 25 ppt.
129
Five-month-old juveniles (referred to as late juveniles) were stepwise transferred to FW (0.2 130 ppt) or to DSW (salinities 20 and 25 ppt) in which they were maintained for 2 weeks. After 131 acclimation, all shrimps were anesthetized by speed freezing, then dissected and maintained
132
in Trizol at -80°C until analysis (see below).
133
The developmental stages and experimental salinities used in this study were chosen on the scoring BLAST matches to known amino acid sequences of EF1α and NHE3 (Table 2) .
210
Macrobrachium amazonicum EF1α and NHE3 sequences are available in GenBank under the 211 accession numbers KU158862 and KU158863. The specific primers amplified a sequence of 212 163 bp for EF1α and 121 bp for NHE3 that were used for relative gene expressions (Table 1) .
214
Gene expression in larval and juvenile stages (NKA-α, VHA and NHE3)
216
NKA α-subunit expression
217
In the estuarine species Macrobrachium amazonicum, no significant salinity-related 218 difference in the relative expression of NKA-α was found in the two larval stages studied
219
(zoea V, decapodid), nor in early ( Fig. 1 ) or late juveniles (Fig. 2) .
220
In the inland species M. pantanalense, the zoea V stage showed, likewise, no difference in the 221 relative expression of NKA-α at different salinities; in the decapodid and juvenile stages,
222
however, a significant increase in NKA-α expression was observed after a direct exposure to 223 25 ppt salinity (Fig. 1A, B ).
224
Interestingly, NKA-α expression was in all larval stages consistently higher in the inland than 225 in the estuarine species, regardless of salinity, whereas no difference between species was 226 noted in juveniles (Fig. 1B) . 
233
In juveniles, VHA was in M. amazonicum, but not in M. pantanalense, more strongly 234 expressed at 5 ppt compared to 25 ppt. Moreover, M. amazonicum, had higher VHA 235 expression at 5 ppt than the inland species (Fig. 1D ).
236
In late juveniles, VHA expression was in the estuarine species higher in FW than at 25 ppt 237 salinity ( Fig. 2) .
239
NHE3 expression
240
In the zoea V stage of M. amazonicum, no difference in NHE3 expression was noted between 241 salinities ( Fig. 1E ). In M. pantanalense, by contrast, the same larval stage showed a higher expression at 5 ppt salinity compared to 25 ppt. A comparison between the two species shows 243 an overall higher expression in the inland species exposed to 5 ppt. In the decapodid stage, the 244 estuarine species had a higher NHE3 expression at 5 ppt salinity compared to 25 ppt whereas 245 the opposite pattern was observed in the inland species, with a stronger expression at 25 ppt.
246
A difference was noted between the decapodids of the two species exposed to 25 ppt, with 247 higher NHE3 expression in the inland species (Fig. 1E ).
248
Early and late juveniles showed no significant salinity-dependent or species-specific 249 differences in NHE3 expression (Figs. 1F, 2).
251
Comparing the expression of the three analyzed transporters in late juveniles of M. 
258
In the present study, we measured a consistently higher NKA-α expression in M. 
271
In the inland species, differences in NKA-α expression between salinities were measured in 272 decapodid and juvenile stages with higher expression at 25 ppt compared to 5 ppt salinity. 
342
In the estuarine species, M. amazonicum, VHA expression did not vary between larval stages.
343
These stages cannot survive in fresh water, probably partly due to the absence of VHA gene 344 transcription following salinity change. This VHA expression pattern may originates from an incomplete gill development reported in a previous study (Boudour-Boucheker et al., 2013) .
346
In contrast, in both early and late juveniles, the gills are well developed, and VHA is more as ENaC might conduct VHA-driven Na + uptake.
376
As a shrimp approaches molting, part of the Ca 2+ that is contained in the exoskeleton is 377 transferred to the hemolymph across the gills and other permeable sites, or stored in epithelial 378 cells (Greenaway, 1985) . Following ecdysis, the stored Ca 2+ is again transferred to hemolymph then to the tegument and the newly formed exoskeleton, possibly through NHE3 
387
In conclusion, a functional difference between M. amazonicum and M. pantanalense is 388 reported in this study, regarding genes involved in ion transport and their regulatory level.
389
The expression of the main ion pumps NKA, VHA, and to a lesser extent NHE3, is higher in 
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are expressed as the mean ± SEM. Different letters indicate significant differences. 
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